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Tail loss and telomeres: Consequences of large-scale tissue regeneration in a 
terrestrial ectotherm 
Abstract 
Large-scale tissue regeneration has potential consequences for telomere length through increases in cell 
division and changes in metabolism which increase the potential for oxidative stress damage to 
telomeres. The effects of regeneration on telomere dynamics have been studied in fish and marine 
invertebrates, but the literature is scarce for terrestrial species. We experimentally induced tail autotomy 
in a lizard (Niveoscincus ocellatus) and assessed relative telomere length (RTL) in blood samples before 
and after partial tail regeneration while concurrently measuring reactive oxygen species (ROS) levels. The 
change in ROS levels was a significant explanatory variable for the change in RTL over the 60-day 
experiment. At the average value of ROS change, the mean RTL increased significantly in the control 
group (intact tails), but there was no such evidence in the regenerating group. By contrast, ROS levels 
decreased significantly in the regenerating group, but there was no such evidence in the control group. 
Combined, these results suggest that tail regeneration following autotomy involves a response to 
oxidative stress and this potentially comes at a cost to telomere repair. This change in telomere 
maintenance demonstrates a potential long-term cost of tail regeneration beyond the regrowth of tissue 
itself. 
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Abstract  20 
Autotomy in lizards is a predator avoidance behaviour whereby the tail is lost and 21 
subsequently regrown. This large-scale regeneration has potential consequences for 22 
telomere length through increases in both cell division and metabolism which increase 23 
the potential for oxidative stress damage to telomeres. The effects of regeneration on 24 
telomere dynamics have been studied in aquatic ectotherms, but the literature is scarce 25 
on terrestrial species. Specifically, the effect of tissue regrowth on telomere length 26 
within individuals is unknown. To address this question, we experimentally induced 27 
tail loss in lizards (Niveoscincus ocellatus) and assessed telomere length in blood 28 
samples before and after regeneration while concurrently measuring reactive oxygen 29 
species (ROS) levels. Telomere length was also measured in tail tissue from the control 30 
group and the regenerating group at the end of the experiment. Over the sixty-day 31 
experiment we observed an increase in blood telomere length in the control group (tails 32 
left intact), but not in the regenerating tail group, while ROS levels decreased in the 33 
regenerating group, but not the control group. There was no difference in tail tissue 34 
telomere length between the control and the regenerating group. These results suggest 35 
that the favourable experimental conditions allowed the control group to invest energy 36 
in telomere repair, while the regenerating group invested in regrowing tissue and 37 
counteracting oxidative stress at a cost to telomere maintenance. This cost to telomere 38 
maintenance demonstrates a potential long-term cost of tail regeneration beyond the re-39 
growth of the tail tissue. This is the first study to experimentally examine how tissue 40 
regeneration mediates telomere length in an amniote.  41 
Introduction 42 
Telomeres shorten through both cell division and oxidative stress and when they 43 
become critically short cellular senescence occurs [1]. If left unchecked, cellular 44 
senescence can eventually lead to organism level declines in function. Therefore, areas 45 
of tissue that exhibit substantial cell division, such as tissues that undergo regeneration, 46 
are likely to be particularly susceptible to telomere attrition. To deal with this, species 47 
that regenerate tissue must prevent the loss of telomeres in those regions. The enzyme 48 
telomerase acts to elongate the shortest telomeres during regeneration, while longer 49 
telomeres are maintained [2]. The majority of work examining telomere length changes 50 
during and after tissue regeneration has focussed on aquatic species [2] and the results 51 
to date have been equivocal. For example, in a well-studied model species, the zebra-52 
fish, telomere length was seen to be maintained throughout life even during tissue 53 
regeneration [3], but a second study showed a reduced regenerative ability with age [4]. 54 
This suggests that there are limits to the regenerative capacity of ectotherms and that 55 
trade-offs may occur between telomere maintenance and investment in growth or 56 
reproduction. In contrast, almost no work has examined the effect of tissue regeneration 57 
in terrestrial vertebrates despite the fact that terrestrial salamanders and lizards have 58 
large regenerative capacities. Lizards are capable of the largest regrowth of tissue 59 
compared to body size of any amniote; that of regrowing the tail [5]. Examining the 60 
effects of such regrowth on telomere dynamics is fundamental if we are to understand 61 
differences in regenerative capacity across taxonomic groups.  62 
 63 
Caudal autotomy is a predator escape response seen in lizards whereby blood flow to 64 
the tail is restricted and the tail is dropped [6]. This loss of tail is costly to individuals 65 
as it compromises their growth, reproduction, immune system and survivorship 66 
[reviewed in 6,7]. Subsequent to autotomy, the tail is regrown, incurring further 67 
physiological and metabolic costs of rapid tissue growth [8,9]. Such effects are likely 68 
to have significant consequences for telomere length, both through compromised 69 
somatic maintenance and through oxidative stress caused by the rapid division of cells 70 
in the regrowing tissue. A sex-specific and context dependent relationship between 71 
telomere length and tail loss has been observed in sand lizards [10] while telomerase 72 
was active in regenerating tails of two other lizard species [11-13]. The effect of tail 73 
loss on telomere length within individuals has, however, not yet been studied 74 
experimentally. As a result, we have a limited understanding of how large-scale tissue 75 
regeneration influences telomere attrition in vertebrate taxa. Here, we experimentally 76 
examined the effect of tail autotomy and subsequent regrowth on cytoplasmic ROS (as 77 
an indicator of oxidative stress) and telomere length in the spotted snow skink 78 
(Niveoscincus ocellatus), a terrestrial ectotherm with significant tail regenerative 79 
capacity [5].  80 
 81 
Methods 82 
Study species and animal husbandry 83 
Niveoscincus ocellatus is a small viviparous reptile which occurs across a broad 84 
climatic range in Tasmania with an average lifespan of 8-10 years. Twenty adult male 85 
lizards were collected from the study site at Orford, Tasmania (-42.584413, 86 
147.804259) in November 2016. Lizards were transferred to animal housing facilities 87 
at the University of Tasmania where they were weighed, measured and placed in 1m 88 
diameter outdoor enclosures [14]. The temperatures at the outdoor facilities at the 89 
University are similar to those at the study site. The lizards were divided randomly 90 
between two treatment groups. Autotomy was induced in ten individuals (regenerating 91 
group), while the remaining ten individuals were left with tails intact (control group). 92 
During the subsequent two months they were fed a diet of live crickets and meal worms 93 
in vitamin powder and provided with water ad libitum.  94 
 95 
To quantify the effect of the above treatment on relative telomere length (RTL) and 96 
reactive oxygen species (ROS) levels, we collected blood samples prior to the 97 
treatments (Day 0) and at the end of the two-month period (Day 60). We extracted 75μl 98 
blood from the orbital sinus using glass capillary tubes. 10μl of this blood was 99 
immediately added to Phosphate-buffered saline solution and stored on ice for less than 100 
2 hours until ROS levels were measured (see below). The remaining 65μl of blood was 101 
placed in heparinised tubes and stored at -20 °C until DNA extraction was carried out 102 
(see below). We collected tail tissue from the regenerating group at the beginning of 103 
the experiment, and from all lizards at day 60. This allowed us to examine differences 104 
in RTL between old and new tissue. All tail tissue samples were stored in ethanol until 105 
DNA extraction. All blood and tail tissue samples were stored for a maximum duration 106 
of 6 months before DNA extraction. After re-sampling and measuring at day 60, lizards 107 
were released at their site of capture. 108 
 109 
Cytoplasmic Reactive Oxygen Species  110 
Cytoplasmic ROS levels were measured with the broad-spectrum ROS detecting probe 111 
CellROX Red (C10422, ThermoFisher Scientific, Australia). CellROX Red fluoresces 112 
upon oxidation by reactive oxygen species (excitation 644, emission 665nm), allowing 113 
for cytoplasmic detection of a range of ROS post mitochondrial production. Whole 114 
blood was incubated for 30 min at 31 °C in PBS containing 2.5 µM CellROX Red, 115 
excitation 644, emission 665nm, and 0.25 % DMSO (C10422, ThermoFisher Scientific, 116 
Australia). Samples were washed once by centrifugation at 300xg for 5 min, followed 117 
by removal of the supernatant and re-suspension in PBS. Samples were analysed on a 118 
BD FACS Canto II flow cytometer. The forward scatter, side scatter and 119 
photomultiplier tube voltages were optimised to place the negative controls (unstained 120 
whole blood) in approximately the second decade of the log scale. Flow rate was set to 121 
high and 50,000 events were recorded. Data was analysed with FCS Express 6 plus 122 
software. The combined arithmetic mean fluorescence intensities from all blood cell 123 
populations were used for analysis.    124 
 125 
Telomere measurement 126 
DNA was extracted with DNEasy blood and tissue kits (Qiagen) using 5-10 μl of whole 127 
blood from each sample or 2 mm3 of tissue. The DNA concentration of each sample 128 
was measured in duplicate using a NanoDrop™ 8000 Spectrophotometer (Thermo 129 
Scientific™) and aliquots diluted to 0.02 ng/µL (blood) or 0.5 ng/µL (tail tissue) using 130 
the buffer provided in the DNA extraction kit. RTL was measured using quantitative 131 
real-time PCR (qPCR) following Cawthon (2002). Protocols previously developed [e.g. 132 
15] were optimised for N. ocellatus DNA (See supplementary material for details). 133 
 134 
Statistical analysis 135 
We analysed differences in RTL and ROS measured in the blood between treatment 136 
and control groups and at different time points using linear mixed effects models [16]. 137 
In all models, ‘treatment’ refers to the removal or leaving intact of the tail and is a fixed 138 
factor, and ‘time’ indicates the sampling day (day 0 or day 60 of the experiment). For 139 
all models we also included individual ID as a random repeated factor to account for 140 
the repeated sampling of individuals. In the RTL models we included ROS level as a 141 
covariate to examine the relationship between ROS and changes in RTL. Finally, we 142 
tested for differences in telomere length measured in original versus newly regrown tail 143 
tissue at day 60 using linear models with RTL as the dependent variable, tissue type as 144 
a fixed factor and ROS as a covariate. All statistical analyses were conducted in R [17] 145 
using the package lmerTest [18]. Data were tested for normality and ROS was log 146 
transformed to achieve normality. Final analyses were conducted on N = 19 individuals 147 
as DNA extraction was unsuccessful in one sample. Of these 19 individuals, n = 10 148 
were in the tail regenerating group and n = 9 were in the tail intact group. We were 149 
unable to check randomization of the treatment groups RTL at day 0 and is transpired 150 
that they did differ (Figure 1). However, this difference is unlikely to affect the 151 
consequent changes in RTL in response to our treatments. 152 
 153 
Results 154 
The regenerating group regrew an average ( standard error) of 23.3  1.6 mm tissue 155 
over the 60-day experiment, approximately 38% of their body size (excluding tails, 156 
average snout-vent length = 63.4  0.9 mm). The regrown tail portions were smooth 157 
and largely unscaled. RTL measured in the blood increased over the sixty-day period 158 
in the control group (32% increase in average RTL from 2.28  0.15 to 3.00  0.27), 159 
but not the regenerating group (2% increase in average RTL from 3.06  0.21 to 3.13 160 
 0.28) (Table 1; Figure 1). There was also a significant relationship between ROS 161 
levels and RTL measured in blood samples at the beginning and the end of the 162 
experiment (Table 1).  ROS levels were negatively correlated with RTL in the blood 163 
(Table 1). ROS levels decreased over the sixty-day experimental period, however, the 164 
decrease was much stronger in the treatment group compared to the control group (63 165 
% decrease in average ROS from 6368  969 to 2352  223 in treatment group, 40 % 166 
decrease in average ROS from 4803  1240 to 2897  198 in the control group; Table 167 
1; Figure 2). There was no difference in the RTL measured in old tail tissue compared 168 
to newly regrown tail tissue at day 60 (Estimate = -0.01, s.e. = 0.26, F-value = 0.002, 169 
Pr(>F) = 0.96).  170 
 171 
Discussion 172 
Individuals with their tails left intact exhibited a larger increase in telomere length than 173 
individuals whose tails were removed, revealing a strong cost of autotomy in a 174 
terrestrial ectotherm. There are several potential explanations for these results. First, 175 
they may be indicative of a trade-off between investment in tissue regrowth and 176 
investment in telomere repair, similar to the reduction in growth rate seen in lizards 177 
regrowing tails [19]. Indeed, the metabolic costs of tail regeneration are known to be 178 
high, with an increase in metabolic rate seen in lizards regrowing tails [8,9]. High 179 
metabolic rates caused by rapid growth are associated with increased aerobic 180 
respiration, producing more reactive oxygen species which in turn damage telomeres 181 
[20,21], so it follows that in our system the rate of telomere repair is lower in the 182 
regenerating group. Over the sixty-day experimental period we observed a decrease in 183 
cytoplasmic ROS correlated with an increase in telomere length in all individuals, with 184 
a significant decrease in ROS levels seen only in lizards with tails removed. This 185 
suggests that a potential initial increase in ROS levels in lizards with tails removed may 186 
be counteracted by cellular measures (e.g. antioxidant activity) while telomerase acts 187 
to repair shortened telomeres. 188 
 189 
We observed no difference between telomere length in original tail tissue compared 190 
with freshly regrown (60 days) tail tissue. This is consistent with our telomere length 191 
findings in blood samples, where there was no telomere attrition or lengthening in the 192 
regenerating group. It is also similar to findings in fish model systems as generally 193 
telomere length in regrown appendages is either the same as the original or longer [2–194 
4]. This suggests that despite the large scale of regeneration and the extremely fast 195 
tissue growth, upregulation of telomerase during tail regrowth in N. ocellatus may be 196 
sufficient to ensure telomeres do not become dangerously short during this time of rapid 197 
cell division [cf. 2–7].  198 
 199 
This is the first study to experimentally examine how tissue regeneration influences 200 
telomere length dynamics in an amniote. Further studies of this regenerative capacity 201 
and its effects on telomere dynamics in individuals of varying ages would shed more 202 
light on the relationship observed. Our results demonstrate a cost to telomere 203 
maintenance when employing caudal autotomy as an escape strategy. Future studies 204 
should examine if this cost is higher in juveniles who are already heavily investing in 205 
growth, or in senescent lizards which may express less telomerase [cf. 4].   206 
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  298 
Tables 299 
Table 1 Effect of treatment, time and covariates on reactive oxygen species (ROS) 300 
levels and on relative telomere length (RTL) in blood of Niveoscincus ocellatus. Linear 301 
mixed model parameters presented with marginalised point estimates excepting the 302 
covariate log(ROS) in RTL model. Bold font indicates significance at α = 0.05.  303 
Source Estimate s.e. P(>F) 
Response: log(ROS) 
Treatment 0.12 0.19   0.55 
Time 0.57 0.15 <0.01 
Treatment:Time 0.70 0.31   0.03 
Response: RTL 
Treatment 0.51 0.29   0.10 
Time -0.12 0.22   0.59 
Log(ROS) -0.49 0.22   0.04 
Treatment:Time 0.99 0.39   0.02 
 304 
  305 
Figure Legends 306 
Figure 1 Relative telomere length (RTL) measured in blood increased over 60 days in 307 
the control group (tails left intact), but not in those regrowing tails (regenerating group) 308 
in Niveoscincus ocellatus. Boxplots represent the median (midline), the interquartile 309 
range (box), the minimum and maximum (the line) and outliers (black dots) with the 310 
actual data values represented by grey dots. Within the boxes, black dots represent the 311 
means and error bars show standard errors.      312 
Figure 2 Effect of time (day 0 to day 60) on log reactive oxygen species (ROS) 313 
arithmetic mean fluorescence intensity in Niveoscincus ocellatus. Boxplots represent 314 
the median (midline), the interquartile range (box), the minimum and maximum (the 315 
line) and outliers (black dots) with the actual data values represented by grey dots. 316 
Within the boxes, black dots represent the means and error bars show standard errors.         317 
